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The eats character of the free energy data relating to water and the 
oxides of carbon makes it desirable ‘that the most: ‘representative values that can 
be obtained should be constantly available. ‘The calculations of Lewis: and :. 
Randall? retain mich of their original, value, but. appear to require some modifi- 
cation in the light of more recent work. This paper has been written to incor- 
porate the newer cicihigaaaieiaia ae and to present some ‘estimate: of the reliability of 
the resulting figures. 


The data upon which the calculations are mainly: based are, for theae. 
substances, the equilibrium constants of the various. reactions. involved. The 
-. Original work relating to these. equilibria has been reviewed and, where possible, 
weighted to correspond with its probable reliability. The differences in the 
results of the present from the earlier calculations are partly the consequence 
of this appraisal and ‘partly of the inclusion of more aah hi as will be 
; indicated in hesdhange rd in the. succeeding sections. | . ee 


In addition to the equilibrium constants, various . thermal data are re- 
quired which are of nearly .equal. importance in the formilation of the final 
equations. The equations adopted in this work for the specific heats of the .. 
gases concerned are those derived: and discussed ‘in. ‘another paper.* They’ répre- 
sent,.it is: believed, a ‘distinct ‘improvement in accuracy. in several instances, 
and are partly responsible for the changed tesults.. The data relating to heat 
contents: are, except. where al Naat ee those compiled. ‘by. ae _ 


: “the free energy of water. is: | Andependantly éalculable from each of ‘four | 
principal equilibria. These are. :the dissociation of water vapor. at high temper- 
atures, the dissociations of silver and: mercuric oxides, and the: Deacon equili- J 
Laced The free energies of. the- oxides. of carbon depend in siameitabtaa upon — 


l1l- ” The Burean of Mines Will welcome yepFinting of. this “article. but requests © 
that the following footnote acknowledgnent.-be used: ‘Printed. by permission 
of the Director, U. S» Bureau of Mines. (Not subject to copyright.)"- 

2o- Consulting physical chemist, U.S. urea bl ee Pacific Sa lala Station, 
Berkeley, Calif. 

5 ~ Lewis,.G N., and Randall, Mey Thermodynamics i the. ‘Free Energy. of Theriical 
Substances: lst ed., New York, 1925, 653 pp: :McGraw_ Hill Book Co.: ie | 

4- Eastman, EB. D., Specific Heats of Gases ad “High Temperatures: eee Paper 
445, Bureau of Mines, 1929, 27 pp. 

5 + International Critical | Tables: McGraw Hill Book: Co.', New York.” ‘Data supplied _ 
in advance of publication through the sapiaaeiaat of Dr. Bichowsky. 
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measurements of the equilibria in. ‘the ‘producer-gas and water~gas reactions. The 
experimental data concerning these reactions are discussed and the calculations 
outlined in the succeeding sectiozis. . 


_ THE FREE ENERGY O2.WATER . 


The formation of water-vapor from:its elements, and the:equilibrium con- 
stant of the reaction, will be written - 


Ber U8 % = Boi, Gp) | ) (oy? 
Using * the second degree equations for the specific. louis of - oo gases: cae i 


ao = 2.01 - 4.33 2 10° to 1.055 x 10" ca 


Bike is taken as -57,820 calories, making An. = ~57,227 calories. From these 
values the standard free energy equation “my be formilated. ° It is: 


3) 
“Age -87,227 + 2.0L Ban D+ 2ni65 £104 A 376 x 1077 oF ca ee: a 


The value of the integration constant, The is to be* ‘determined with: the aid of 
the data discussed below. ~~ 7 | = 


i. ¢ ° 


Direct Measurements of the ) Dissociation of Water Vapor 


Nernst and von Waxtenbére® passed steam containing varying ‘gmeal1l amounts 
of added oxygen and hydrogen through a porcelain bulb maintained at temperatures 
in the neighborhood of 1,500° K. -The gases were withdrawn through a small exit.. 
tube intended for rapid chilling, and were analyzed. - ‘Lowenstein, ’-w i ee at - 
higher temperatures, employed a bulb of platinum asa semipermeable Wall and 
measured equilibrium pressures of hydrogen directly. Von: Wartenberg® ‘employed | - 

a similar though more refin ngd method at still higher temperatures, the bulb 

being of iridium. Langmir” passed the reacting gases over an electrically heated 
filament of platimam. Equilibrium conditions were:‘reached at the surface’ of the: 
hot metal, and it was assumed that diffuston from the- surface was sufficiently - 
— to freeze the a ‘In addition “to ‘these ene explosion methods 


6 - Nernst, W. . and von. Wartenbere, ‘He; “Die ‘Dissociation von Wasserdampi": 
Ztschr. phys. Chem., vol. 56,1906, p..534. | 

.? - Lowenstein, Leo, "Eine neue Methode zur Untersuchung von Gasgleichgewichten 

| ‘bei hohen Temperaturen": Ztschr. phys. Chéme, vol 54, 1906, pe 715. — 

8 - Yon Wartenberg, He, "Ueber die Dissociation von Wasserdampf, ts Ztschr. 

. phys. Chem. , Vole 56, 1906, PPe 513-533. | ane | 

9 - Langmir, Irving,. the dissociation of. water vapor. and ‘carbon dioxide at 
high eyeeennene Jour. Am. Chem. eet “vol. 28, 1906, Be 1357. 7 
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have been applied by various observers. 10 It is possible that measurements. of 
the latter. type may, eventually be utilized. ‘At the present, however, there are 
many debatable points concerning the interpretation of such results. It has been 
. considered best ‘to’ omit them from the hal calculations as not of the same 
order of surety. as “the other measurements. | . sow 


| The values of the integration éonstant. of the free. energy equation to 
which the above. réséarches lead are shown in Table 1. . “Langmait's” results are 
| sufficiently numerous: to justify omission of all. but. the experiments he ‘considered 
best. Incidentally there appears tobe an error in Lewis and Randall's calcula- 
- tion, of the first: ‘result by. apeneness ca ‘spreciably affects. their value of 
I, ascribed. to his, work, - ; | | 


wy . as vty v - 


- ‘Table Lew, rntézration constants of t 


aaraene No. of me en Bh ay Bee Tay): I, 
Nernst and a Se: aie 
von Wartenberg _ 2 oT  YB97 ~20 46 
a a ZB deus, 114480 | ~2.26 
gh: deer 1561 1/-2.55 
: ‘te | Weighted mean {| “2637 
‘Lowenstein’ | — 1 1705 . 2048 
a ry 1783 ~ 2027 
“Ll 1863 1.72 
1 1968 1/-2630 | 
Weighted mean | <-218 - 
von Wartenberg 5 2156 © —~20 48 
| 5 " 2257. 20 49 
Mean ~2e 48 
. Langmir 2 » 1325 72075 
3 1392 2050 
3 df.’ . 1474} eR.'86 
2 2 cra 2660 | 8298 - 


ae er ee ae eee a ee 
‘f Values obtained from experiments Less ‘accurate than the others and given less 
weight in the averages: - ae aes 


, The agreement of he various : oheeeiaae in “fable l must ‘be considered. 
very good, since the greatest difference. among them .is.no larger than would be 
_ produced by a difference. Cf. 10° in the temperature scales. On this account it is 


.10 - For example, Bjerrun, Volls, iDie Dissociation. and die spezifische Warme von 
'  " ‘Wasserdampf bei sehr hohen Temperaturen.nach Explosionsversuchen": Ztschr. 
phys. Chem., vol. 79,1912, ips 513;3.;and. Siegel, Wilheln, ' Untersuchungen 
von Gasgleichwichten und spezifischen Warmen nach der Bxplosionsmethode": 
Ztschr. phys. Cheme, vol.’ 87, “1914, Pe 641. 


5827 wo 3 on 


Inf. Cir.No.6125. 


unnecessary to differentiate the aeliiahe as to réliability, and the mean of the. 
four sets of results for I,, -2.43, can not be unrepresentative. It is perhaps 
of some significance, however, that the mean of the two sets which might have 
been affected by incomplete "freezing," namely Langmuir's and Nernst and von 
Wartenberg's, actually differs in the direction to be accounted for by this 
error from the mean of the other experiments which could not have been affected 
by it. A value of -2.40. for I, is an acceptable weighted mean of von. 
Wartenberg's and. Lowenstein's results and has been adopted as the best. estimate . 
that can be made from these data. The standard free energy of water vapor at 
298° K then becomes -54,514 calories. ‘The uncertainty of this value is estimated 
as 100 to 150 calories. Employing the value of Lewis and Randall, 2,053, as the 
free energy of the change from liquid to vapor at 1 atmosphere at 259, the cal- 
culated free energy of liquid water is ~56,567. The corresponding calculations 
of Lewis and Randall gave ~56,640. ef = 


Calculations Based On The Dissociation of Silver Oxide 


The mean value for liquid water of ~56,490 calories, éalculated by Lewis 
and Randall from the accurately known dissociation pressures of AgoO in con- 
Junction with two sets of subsidiary equilibria, requires no modification. The 
uncertainty in it due to errors in measurement of the equilibria is unlikely to 
exceed 50 calories. An error of similar magnitude may be introduced through the 
specific heat terms, which have not been determined by measurement and can be 
estimated only approximately. - : _— hile a this should not exceed about 
100 calories. 7 


Calculations From The Dissociation Of Mercuric Oxide 


Taylor and Eulett? have studied the equilibrium 


Hey _) + 1/2 Oy = He0 (8) + Ky = 1/ (He) (0p)? . 


Their measurements: ‘of the total equilibrium pressure extend from about 6350 to 
750° K, but they appear to havé been reproducible only above 680. Assuming the 
gas phase in their experiments to consist entirely of mercury vapor and oxygen, 
values of K were calculated from the more relisble of the experiments, and their 
logarithms plotted against 1/T. From this pilot log Ky was taken as 1.075 at | 
680 and -0.030 at 750° K. Taking the heat of formation of mercuric oxide (from .. 
Liquid | mercury) at 291° K as 21,700 calories, the heat of vaporization of mercury 
at 415° K as 14, 4901 and using the specific heat equations adopted by. Lewis 

and Randall: the ‘standard free energy equation for Reaction II becomes | 


(II) 


A F = -36,830-0.75 Tin 7 2 0.002759 + + Ig? ee 2) 


ll ~ Taylor, G.B., and Hulett, 7 Aes Whe dissociation of mercuric oxide 7 
J Our. Phy se Chem. , vol. 17, 1913, De 965. a 

le = Folger, M. F., and Rodébush: We He, "Heats of vaporization of mercury wal» 
cadmium": Jour. Am. Clem. Soce, vol. 45, 1923, Pe. 2085. ot oe 
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From the two values of ies or the rec ‘above, In 1s calculated to be: ‘56600: and: | 
56.33, average 566 16. | t shabbat 


the free enerey equation is | fommlated as | 
Opa sf = Sa 3 ae. ae. 


Are 15,223 + 2el Tint - 6 cotek 4 + Par ™ (8) 


From the boiling point — ie Pe Fa ee _ be 37.18. ‘Conbining these 
— there . results oes PU yap es 


e 
oe oe, OP bid . * tf S 
Se tah oe bey 2°, we 7 


+ & \ 


He (1) 3/2 Ogre Heo we cn ah on ae ee ae (Iv) 
NF = 2,607.4 1635 7 1n T -0,003562" + + 18.972, (4) 


| A Fagg = “13, 77. a 

Whe value of thé wtandard free enarey ‘of: Liquid: hie ‘the. — wa: 
leads, in conjunction: with. thée.e..m.-f. of. the. date i mercuric. oxide. cell. es 
is 56, 029. Lewis’ and ‘Randal found: “ — iaiei 4 | | * ee 


The eee source “of the ee pic ceecnialy in ‘nee iediations is 
the use by Lewis and Randall of a value of the equilibrium constant of Reaction 
II that is:not- Justified’ by Taylor and Hulett's: data. The boiling point of 
mercury, at which their. value: was’ intended to apply, is outside the range of. 

accurate measurement: Proper: extrapolation: aii haat s. — ne not a. the. 
value eiiployéd by‘ Lewis ahd Randall: 0 3 °°. CO gh . 


The accuracy of the present calculations is pay j cutinates “there is 
evidence, however, of'a hitherto unsuspected source of: error in this method of 
obtaining the free energy of water. The above two values of the equilibrium 
constant of Réaction Ii, although good averages of Taylor and Hulett!s data, 
gave values of the integration: constant differing by 0.33 unit... . The. specific x 
heat of mercuric oxide. inthe desired. temperature range: is. nnknown.. - Lewis and : 
Randall's estimate, based on Ginther's measurements at very low temperatures, 3 
may therefore be incorrect. Assuming,. however, that it and the other thermal 
data are nearly correct, the above difference in integration constants corre-_. 
sponds to a deviation, in the equilibrium constant of about 15 per cent over an 
interval of only 80°:° -This deviation is -in: the direction that would result if 
-@ppreciable amounts of undissociated mercuric oxide vapor were present in the - 
equilibrium mixtures whose total pressures were measured. ‘The equilibrium has 
not been sufficiently studied to exclude'this:possibility. Until more is known 
on this point the value calculated for water from this equilibrium must be 
considered very ntuch less ‘certain than the: other values, and. should probably 
be given no alias in _— a Soggy peice 


rs ee ed \ 
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ee Calculations From tne Deacon Equilibrium 
The Deacon reaction and its equilibrium constant will be written 
‘U2 Cle (g) + 1/2 H20(g) = HeR-(g) +1/4 Pai Ks = (Ho1) (09) “ts 1/2 
eo"? iP? «see ee st (v) 


The heat of formation of HCl to be used with that india given: for water : is 
22,030 calories. Employing the first degree equation for the specific heat of 
chlorine and second degree abana for the other gases, the fre$’ energy 
equation becomes | 


ares ee ‘ 


Poe 


A\F° = 6847-0.05 TlnT~2.66 x oh? + 8.47 x ad res + , r. (5) 


Four séts of.equilibrium data.have. .been discussed by Lewis at Randall from which 
the value of I, maybe calculated.. . From them the’ — ‘Value: proves :to be I 
~7.41, with an average deviation of about. 0.15. 8 becomes ' 4,533 :and | ot 
employ ing the same subsidiary data as Lewis and Rett ci to the ‘value ~56,.503 - 
calories as _ re — energy of liquid water. Lewis and Randall found 
-56, 560. : Ce Ore: . 


Errors in the. ‘alia ‘calculations’ due tis sciicatiiaiaies in the. oelitteien 
measurements are probably about 50 calories: and very unlikely to exceed 100 . 
calories. The specific heat of chlorine is not well known'and may. introduce. 60 
calories in the error. The accuracy of the above value is therefore about the 
- same as fromthe direct. measurements, — 


: | Aver 


) s, Jalues of. Tree  Baorg of Water | 
‘ "Bxctuding ie resulé ‘obtained ‘from the mercuric oxide ileal anich 
‘appears to require. further’ study, the average of the results by the other methods 
is -56,520 for the free energy of Liquid water and ~54, 467 ‘for the: vapor. . .AS: 
these are mean. values of three independent ‘results, in none of which. the error 
is likely to be greater than 150 calories, ‘it séems safe to set abort: 400 dy 

- a as ina aanes of uncertainty in them. : a ees 


net a "From: the. mean. value. gacpted for water vapor. at 208% ¢ the final. vale of 
4 r in —— 1, ne Be 2A. . ee wae . — Ey es, Hi dence 


-WATER-GAS: fiuorto 
The cadtteien of > water-gas. reaction is represented as 


0p + Hy = CO + HAO (g) 3 Ky = (C0) (#20) / (00g) (He (VE) 


5827 is: (6 we 


O ‘UBATTTNS 

-@ “Teyoy pus uuvumay :o ‘sjasuq ° 4 ‘uqep + -o ‘AeUulTy * o- 
“preyony pus Jeqeyy Aq s}UlOg *s}[MseI WeIIpP JO VSBIOAB “1, DAIND ‘suOT} 
-epossip *Og-0%H way ‘9 eam “Qugug ‘g eamo %o*ey-Oeq ‘y eamo 
(OeF-eq Woy ‘g eAIND j[epuey pue simay ‘Z eAInd +(9) UoTENbe [euly 
‘T SAIND ‘UoTBeI 8BB-10}8M 9} JO JUBSUOD UMLQquMbyY —T amsiy 
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The heats of formation of CO and CO, are taken as -26,320 and -94,270,+° whien'” 
with that previously used for water”give AH. 10,130 calories. To represent 
the specific heat ‘of. cafbon@ioxide. as..accura cue rely as it is known requires the 
cubic equation previously deduced. Employing _ this with the oo it lala 
for the other gases, the free: eats — becomes ; 


Pobeyr 


AY =. 9800 - 3.06 Pint +7 912 x 10 ~3 oe Pen ee 698 _ 
a 3.258 =x 10 1054 + Tet | “= = & ee 
The equilibrium data which hen be used for the- evaluation of Ig e are now to be 
iahiemdataien 3 


- Direét Determinations of uilibrium 


The mumerous ‘direct: studies of: “the. vateigas equilibrium are of non main 
classes. In the first of. these ths reacting ‘@asés are streamed.over a hot 
catalyst, chilled as quickly as ‘possible ‘to freeze the equilibrium, and analyzed. 
Variation in the rate of. flow‘and approach from’both sides are used to test the 
attainment.of equilibrium in the: reaction chamber. In the second method, samples 
are withdrawn through a cooled capillary from different levels. of flames produced 
with various gas mixtures. In both methods the success of the chilling in 
freezing the equilibrium is all-importarit.:.” Unfortunately, | it. ore to be 
difficult to. determine in all cases the dégrée of. this success. 


Observers using the first: of the above. methods include Hahn 14 whose 
catalyst was platimn, ‘Engelsl® (iron, oxide catalyst), Neuman, and Kohler (cobalt . 
oxide catalyst) and Sullivanl6 (ion catalyst). . Haber andRichardtl’-and Allner18 
are the principal observers by. the second méthod. . The, results: of all these are 
shown in Figure 1. The low temperature observations of — = neues ane 
Kohler are not, however, shown in. ed ‘figure. e we gt HS ae as 


15 ~ Roth, W. Ae, and Naeser, .W.,. "Wiauptve raamalane der Deutschen Bunsen-  .._—_.- 
Gesellschaft fuer angewandte physikalische Chemie, €. ve Ueber weissen und 
schwarzen Diamanten und ihr Verhaltnis. Zum Kohlenstoff": Ztschr. eras 
vole 31, 1925, pe 461. - 

Dre Bichowsky states that these sainek: would have been accepted for the 
International Critical Tables had they been kmown at the date of closing. 

14 — Hahn, Oskar, "Beitrage. zur thermody namik des Wassergases. Das Gleichgewicht 
COp + Ho = CO+HD0"s Ztschr. phy se. Chem. , vole 44, 1903, p. 513; "Nachtag 
zu der Untersuchungen des Gleichgewichtes COHIZO = COgtHip" Ztschr. phys. 
Cheme , vol. 48, 1904, De 735.0 - 

15 = Engels, --, Dessertation; -Karlsruhe, 1911. Results quoted by Neumann, Be, - 

- - ‘and Kéhler, Ge, "Die Gleichgewichtsverhaltnisse bei der Wassergasreaktion im 
Temperaturbereich von 300. bis 1, 080883 Ztschr. Elektrochen., vole 34, 1928, 
p- 21s. 

16 ~ Sullivan, J. D., Unpublished resuits obtained at the U.S.Bureau of Mines 
Pacific Experiment Station, by methods similar to Hahn's, but using iron in 
a stream of gas of composition that did not oxidize it. | 

Ll? ~ Haber, Fe, and Richardt, Fe, Ueber: das" Wassergasgleichgewicht in‘der aM 
Bunsenflamme und die chemische Bestimmung von Flammentempératuren" : Ztschr. 
Anorge Chem., ‘vol. 38, 1904, p25. > 

18 ~ Allner, W., "Zur Kenntnis der Bunsenflamme": Jour. Gasbel.e, vol. 48, 1905, 
pope 1035, 1057, 1081, 1107. 
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7 Indirect Deteminations of.. ae Water-Gas Soastant 


The ileicin ama may nee indirectly iptonuinad through several 
independent sets of equilibrium data. Among the more important of these are the 
iron oxide equilibria discussed by. Bastman and Evans.+” ‘The status of the re- 
duction equilibria involving these oxides and hydrogen as summarized by them 
remains unchanged. In the reductions with carbon monoxide, both of ferro- 
ferric oxide to ferrous, and of ferrous oxide to iron, new work of importance 
has’ since appeared by Schenck and Dingman, 20 and. Garran@!.,.also, nas published 
new data in these systems. To take this work into account, new average values 7 
of the constants have been determined from plots of log K vs. 1/7, including the 
data of the above observers, together with those of Matsubara and Eastmand and 
Evans. What now appear to be the "best valués" of the equilibrium constants, 
(C05). / (CO),-*in these systems are shown at. 100° intervals. in Table 2 below. 
in Ene fourth and seventh lines of the table are given the values, of the water-gas 

equilibrium constant, Ke, calculated from. these best values, in conjunction. with 
the corresponding ones of the hydrogen, system as originally tabulated by Bastman 
Jarid Evans and repeated in the third and sixth lines. These values of Ke are. 
| represented in Figure i, boi curves ° and. 4, respectively. | 


ilibria of iron oxides with carbon | 


Table 2e=~ Constants of. the ‘eeilaeliaaa: 8 
! juilibrium constants 


Tem. °C. 700 | 800 F900 1000 
System FeO, Fe: CO, CO JS a. oe | 00676 | 0.544 | 06455 |. 00395 - 
| . “f Ho ee ete ue 'f 00584 | 00706 - |. 02822. |. 0.957 
System Ree 00g, G0 See ee | 28h face. | 54s | ee 


“HHO (Hple eee ee | 1045- | 2.98 | 5.50 | 9012 
aa 


Mater gas constant, Kg s+ +s +: 1616 + | 1460__ | 2009 


oe - gamilar- sid cubes of the water-gas constant have been made By. tietian 

and Robinson°* from studies of the reactions of tin with. water vapor and carbon 

dioxide. heir. results for Ke are ‘represented by. curve ‘5 of Figure*l. © ‘It will 

be seen sae they nares well with the ferrous oxide deteriinations. _ 

19 o- ~Bastuan, Js. De a ore Re 7 “WEquilibria. involving the ‘aides of iron": 

: . Joure Am. Chem. DOCe, ‘VOLs. A6, 1924, De 888. . ee 

“20 - ~ Schenck, Rudolf, and Dingman, T., NGleichgewichtsihtersuchingen: ueber die 
Réduktions, Oxydations, und: Kohlungsvorgangs, beim Eisen. TLiMs Ztschr. anorg- 
‘Cheme, vole 166, 1927, pe. 113. 

21. ~ Garran, R. Re, ‘Equilibria. at high. Veearabawee in the ‘system iron-oxygen- 
carbon" s Trans. Faraday Soc., vol. 24, 1928, p. 201. 

22 Eastman, B..D., and Robinson, P., "Equilibrium in the. reaction of tin with 
~~ —* and carbon dioxide": Joure Ame cinta SOCe, vol. 50, Tae, p-1106. 
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A test. of the -water-gas constant depending upon reactions of ar a 
different type from.the above is afforded by studies of the dissociation of 
carbon dioxide and water vapor. For the: present purpose the data of Langmir . 
for these two substances are best. considered. independently of all se a since 
they were obtained by the same method and are likely to be affected@° by about 
the samé errors, which should therefore be partly eliminated in the calculation 
of the water-gas constant. . Unfortunately Langmir's experiments with carbon 
dioxide were limited to six. Of these he states that four "were mach more 
carefully made" than the other two. The constants resulting from these four 
were plotted on log K vs.:1/T-diagram, - together with his more mumerous data for 
water. From the lines: chosen. as best representing these data, curve 6, represent- 
ing the water-gas constant in Figure 1 has been constructed. How mich weight 
may be given to. these experiments is problematical. The mumber of reliable 
experiments with carbon dioxide is small. Moreover, if the error due to incom- 
plete freezing affects these measurements, it may not do so equally in the two 
casese Nevertheless, there is general.agreement of the calculated curve with 
the other indirectly. enn ones, as shown in Figure 1. 


The foregoing comprise all of the known data suitable for indirect test 
of the water-gas constant.“* They will es —* with the direct result in 
the following paragraphs. ie oe “2 _ | 


Indirect Values of The Water-Gas Constant 


Com arison of Direct 


The | comparison afforded. in 1 Figure 1 of the results of these determina- 
tions reveals that each set is self-consistent but that the indirect are higher 
by about 40 per cent than the direct. This difference corresponds to a differ- 
ence in temperature of about 100°. . Errors as large as this are extremely unlikely 
in the indirect measurements. The . large discrepancy suggests that all of the 


23. - The only other sets of comparable experiments are the ‘explosion studies. As 
previously point out, there are serious, unsettled questions concerning such 
experiments in, measurement of — ibriun, and they nave not been employed 

. here for this:reason. 

e4 - There is, however, one instance in which a reversal: os the test is of interest. 
Maier, C. G., and Ralston, 0. Ce, "Reduction equilibria of zinc oxide and 
carbon monoxide":(Jour. Am. Chem. Soc., vol. 48, 1926, p. 364.) studied the 
reduction equilibria of ZnO:and CO, and Maier, C. G., Parks, G 5S., and 
Anderson, 0. T., "The free anérgy of formation of. zine oxide": (Jour. Am. 
Chem. Socs;: vol. 48, 1926, p. 2564) measured the emf. of the hydrogen-zinc 
oxade cell. “These measurements may. be combined to give the free energy of 
the water-gas reaction at 298°K. ‘The equilibrium experiments were attended, 
however, by very considerable difficulties, and the authors fixed the prob- 
able error in this one part of their work as 300-.calories. The free energy 
of the water-gas reaction at 298°K is calculated from ‘the zinc oxide experi- 

. ments to be 7,325 calories. From Equation 6, with the yalue of I finally 
chosen, it is 6,920. Lewis and Randall's equation gives 7,240. ére is 
therefore, better support in this case for the direct. than for the other in— 
direct values, but the discrepancy is not definitely outside the possible 
limit of the combined error of the various measurements involved. The 
correctness of the zinc oxide work to the degree claimed for it is therefore 
supported. 
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direct =e that. have. hee pas are _n to some - difficultly avoidable 
error. .It appears possible. ‘that: the. equilibrium in this’ reaction has not been © 
satisfactorily ‘frozen-in-any of ‘the'direct experiments’ discussed above. This 
condition might .be brought-about if the exit’ capillary always becomes contamina- 
ted with a layer (possibly yery thin) of the catalyzer and is effective in’ 
shifting equilibrium as the gases are withdrawn. The contamination of the. 
capillary might be effected either by the distillation of metal or oxide, or by 
carrying of fine particles in the gas. stream... An observation ‘of Langmuir's is 
perhaps significant in this connection. He found that when tite platinum filament 
in his apparatus was: heated above.a particular limiting temperature, which was _ 
lower in the presence of air than im the other gas mixtures, a coating of the . 7 
catalyst was deposited upon the walls: of the glass tube. This coating was so :* 
thin as. to be invisible, but wags-sufficiently effective catalytically to require 
cleaning or renewal of the tube ‘before further use. An effect-of this kind * ~ 
would be sufficient to account for-the low results of the direct methods, as 
well as the extreme variability found with iron as a catalyst. Whether it is 

the true cause of the discrepancy:pr-not, there can be Little tari heooh the in- 
direct are of greater weight than the.direct experiments. -_ 


For the further comparison of the direct and indirect seach. and to 
assist in the selection.of the best. value: of: the integration constant, I,, values 
of it have been calculated from the two sets of iron oxide equilibria "and from 
the average of the direct results between 700 andl, 900°C. The direct values of 
the aquilibrium constant required for ‘this correspond to curve 7 of Figure 1, | 
which was drawn as REPTEROTa TS Ty in — a : ‘The values: ‘of Ig_s SO "obtained 
appear in Table 3. ee. | | a) Oe. Pes a ° | oe tad 


. 2 #. . . 
oe ty ue «6 ones 2, +x: eee ' & se : 
x 


Table Bes Integration am of iia 5 free energy equation .. . 
for the water-gas reaction a 


= 


Temp. °C. 1° 200 g00 | 900 | 1000 | ay. 
Ig. from system FeO, Feo 2 nn 5.51: -| 5.52° | 5.54 | 5. 54, 5.53, 
Ig from-system Fe g04s chapel ee - Se7O "5074 +) 5079 5079" | 5.75 


I “6016. 2 oe 6.27. 
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direct values: Pe 60 OF © 
ora the. ‘tenet ‘equilibria the seed accurately known are ine in me | 
ferrous ‘oxide-iron system. : There is very close agreement in the carbon and’.the 
hydrogen equilibria among | four independent. observers: in each casee Any doubts: 
as to the effect of carbon upon the iron, which might render the carbon.system 
not comparable’ with the hydrogen, appear . to. have been resolved by the work of . 
Schenck and Dingman, 20 who | showed that under the conditions-of their measurements 
no appreciable amount. of carbon was taken. UP. by the iron: phase. The constants 


las ‘It is “the refare reassuring to find the extreme econtanty in the values of 
Ie shown in the second line of Table 3. It :is- er to see flasi ‘these an 
can be seriously in error. . 4 , pee ee 


pete F48 eT Oe Fes a 
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The constants }n.line 3 of Tabie 3 calculated from the systems ‘including 
the two oxides are less consistent among’ themselves and differ somewhat from the 
above. These differences are not greater, however, than the possible combined 
errors in the separate equilibrium ene which appear to be less reprodu- 
cible than in the simpler system. | 


The direct values of Ig are less. constant than either of the other sets 


Poe STi. choosing the final. value of I, for the water-gas reaction in these 
calculations it is assumed that the indirect values deduced from the Fe0-re 
experiments are essentially correct. The other experiments, including the direct 
values,’ are given weight only to the extent that they are assumed to indicate 
the direction"of deviation of the former from the true values. Accordingly the 
largest difference that seems. experimentally likely from the values in line. 2.of 
Table 3 is allowed in the direction of the others, and I, is taken as 5.60, - 


Before Seavien the.discussion of the water-gas equilibrium an article on 
this subject by Partington and Shilling“ should perhaps be mentioned. The 
equilibrium data chosen here as most nearly correct differ greatly from the data 
used by them, which rest upon the direct experiments. ‘The final equations are 
therefore in-conflict for this reason, but also because of the specific heat data 
employed, a point discussed in former papers. Concerning the test which they 
suggest of ‘the accuracy ‘of specific heat data by means of equilibrium measurements, 
it may be said that few of the latter are accurate enough for this purpose. Those 
that-are, are. unfavorable to the equations of Partington and Shilling. For an 
example - of this; additional to the cases discussed iiaial reference may be mene to 
_ ‘Paper. by. Backstrom. 76 | | 


‘PRODU CER GAS REACTION 
- The producer gas equilibrium will. ‘ba written: | 
CB graphite) + CO, » 200 3 Ey = (co)? / (00g). o @VIT) 


The heats of formation and specific heats of the gases ew for formlation 

of the free energy equation are those alréady mentioned. .The specific heat of 

graphite, whicn is also required in this case, has been determined fairly 

accurately by Schlapfer and DeBrunner. 20. Their results agree well with the best 

of the other determinations. For the present’ — two equations have 

been deduced. These are... ..- me rade 4 | 2 § 

eo - Partington, Js Re, and. Shilling, We Ges The water eas. ‘equip ibang Ps 

—— -BQCe Chem. Ind., vol. 44, 1925, p.. 149.° 

26 =~ Backstrom, | He. T. Je, ‘the. heat of dissociation Of" calcium. pee eres and the 
entropy of. carbon dioxide!: Jour. Am ‘Chem. Soce, vol. 47, 1925, pe 2443. 
The direet’comparison here is of the measvtrements of: Dixon and Greenwood, 
for C0.,,»:which are comparable to Partington and Shilling! s, with the equa- 
tion of Lewis and Randall, which in this ‘range of ‘temperature is not very 
different from the one used here.. 

ol ~ Schlapfer, P., and De Brunner, P., Ab. Kenntnis der spezifischen Warme des 
graphitischen Kohlenstoffes und des Kokses": Hel. Chim. Acta, vole 7, 1924, 
Pe ol. 
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ne My = 1.59 + 0.015567 a 223. x 10 on? 4 3.348 x 107° 2, 
| | a 
C = 1.22 + 0.00489T - 1.11 x10 1. 
a 


The ‘first of these equations is closely seorkenntabive of the best experimental - 
results between 300° and 1,600° K, to which limits it must be closely restricted. 
The second equation is approximately . right in the range- where experimental 
measurements exist and is not far from the alii og estimated values obtained by 
extrapolation up to Bs 500° K. | ; = 


In the first calculations, aa the full accuracy: attainable is. desired; 7 
the cubic. equations for. graphite, and. carbon dioxide will be employed, with the 
second degree equation for. carbon monoxide. .The free energy a Nat decades then ber. . 
comes 

AP = 39810 ~ 10.04 Tin, 7 + 0.01532 T° - 4.231 x 10% 9 F +6 6. 048 x 

~10. 4 . ' 
L, in this lalate is : deteibined from equilibrium data as follows. 


"The available studies of the producer gas equilibrium include the work 
of Boudduard,~° Meyer and Jacoby,©? Rhead and Wheeler, and Jeilinek and © 
DietheIm.°+ Boudouvards work, creditable as it is, snould nv doubt be. supplanted 
by the later results. Among the experiments of the other investigators, a very . 
considerable variation in conditions (nature of carbon, type of equilibrium 
‘experiments, pressure of gases) is represented. -Considering this variation, the 
results are in very fair agreement, as will be seen from igure 2 where they are 
plotted. Of all of the experiments, the second series of Rhead’and Wheeler, and 
the recent studies at high pressures by Jellinek and Dietnelm appear to be most 
reliable... The average integration constant from Rhead and Wheeler's measurements 
(second series) is about 17618 and from Jellinek and Dietheim's is 17.05. The 
value adopted for the present calculations is 17.12. It appears unlikely that. ~ 
this value is wrong by more than 0.3. -This constant is st: apie in the seca ictal 
tion of Curve 1 of the figure. - a = : oS 


28 = Boudouard, Oc, "Lois mumeriques ; des Seat toeen ShimiguesT cag Tend., vol. 
130, 1900, pe 132. : 
29 — Mayer, Me, and Jacoby, Jes ener einige eal ata Jour. Gasbel., vol. 
52, 1909, pe 305. 
30. o ‘Rhead, T Fo Ee, and Wheeler, Re ‘Ves. "The. effect of temperature on the 
, equilibrium @CO == C05+0"s Joure Chem. Soce (London), vole 97%, 1910, p.- 
" 21783 3 "The effect of gsi and of pressure on the equilibrium rte 
Z2CO == "COo+C': Jour. Chem. Soc.. (London), vol. 99,-1911, pe 1140... 
31 ~ Jellinek, Karl, and Dietheln, Alois, tYeber das coneratorgasgleichgewicht 
bei hohen Drucken!: Ztschre anorg.. Chem, vole. _ 1922, a ail 
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In addition to the studies discussed above, there are .4,, mumber of measure-_ 
ments at lower temperatures in which a catalyst was at ae “mms Mayer and 
Jacoby used. platinized asbestos; Falcis, S8aron and. Back Schenck “3 and 
| Juschkewitsch, cobalt. There are greater variations among Pe ae results than 
among the direct measurements, but. their average agrees aeirly; well with the 
extrapolated values of the direct. studies. - Tn ‘spite: of this agreéamett the 
results with catalysts have not beén corisidéred in determining thé value of In. 

It is difficult té:éde .how.graphite can be rendered reactiye, hy; the presence of 
another solid phase. - Undoubted]y? thé | #iACtION ofthe catalyst. is the production 
of a’ different redttive phase. pontaining catbone* “0073 igs this phase, ‘that deter- 
mines the equilid rau. . 18, the. phase” T6 pure ‘carbon: At can, differ. from graphite. «: 
only because ‘OF. ite. degrae: of, subdivision whidh As: not. Likely” to" “produce large —_- 
effects. But if the active phase is a> carbide or..golution of carton in the metal, . 
the graphite equilibrium is obviously” ‘hot’ ‘coitverned.., Certa: fat y “néthing ¢ “is ‘to be:. _ 
gained toward acceLerating the equilibrium of large oryeta s of wr with the : 
gas from, ‘he presence of a solid "catalysts". <2: aes — 


FINAL FREE ENERGY EQUATIONS 


Data far the formulation of the free energy equation for, — were dis- 
cussed in the first ‘section... ‘The ‘final alae geed seatatad on these: data were foun -.. 7 
to be... ae 


° PY 


eo 


_ Hg. + 1/2 Ope 0 f° (I) 
| z CMP ee - 87,227. + 2.01 2 in? + 2e165" es 10a 71.76 x 10 “78 . 2.24 y 
7 ie scheit as ee - 
AY¥.53 = - 54, (467. os, a a: : ES itty & oe. Hoe 
Eo + 1/2 O5 = i, 0 @ ? APE ci i 36, 53. "ae? | hs be chit eed ~* aa 


The equation for the vapor is valid a and ae500° Ke 


| Employ ing the equation for ‘water in“conjunction with, Sicn: for tne water- 
gas and producer~gas reactions, | equations. ‘for: the. oxide. of carbon may be. 
obtained. For carbon. monoxide’ Nhete _ ‘Sure found: 


C (8 graphite) + a2 03 = 60, ts OBR Mt aon ony 


ra : 3-2 63 
Ay: - 27,217 A978 AnD + 7662 x 10D =, 23049 x 10" a" 
oor 2679 x’ 10" ae + 9628 t, gts Minne. | t 7 "ae 


32 ~ Valcke, V., Walp tyes geumalang. 3 “Deutschen. Bunsen-Gesellechaft. fuer  ., 
angewandte ‘phys ikea} igche - mie, esvs Die- ‘Reaktion zwischen Bisenoxydul 
und Kohle und. swischen Koh endxyd und’ apaiae .Ztschr. SNES 5 Vole 
ee, LILG, Pe L323 Vole. 27, 1921, pe 268. 26 ue 

33 = Schenck, Rudolf, "Ueber die chemischen GLeichgewichte bei der: Reduktion und 

zementation des Bisens": Ztschr. Elektrochems,;' vol. 24, 1918, ‘pe 248. 
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. AP ae? =. =38, 265, on ae c.. 
; The’ carbon’ dioxide equations become 
C_(B graphite) <0. COs | | (nt) 
Pp = = 94244 + 0.16 BON, nx cit Pte cor 2d 
x lo-lilg* + 1.442. | cee OD. 


A Fogg 9 = =: 793, 647. - . 

7 The Sore: equations. for carbon monoxide and dioxide are ‘Limited to. ‘the | 
temperature range’ from’ ‘300 to 1, 600° K. To obtain equations of wider. range, cee 
though of somewhat lessened. accuracy, the quadratic equations for specific heats, 
approximately correct: between. 300 and 2, 500°K,, have been used. The values of I 
‘in‘the resulting équations. were determined from ‘the above | ‘yaluas of . free /ADOTEY: 
at 298°. | Yor carbon monoxide: ‘the approximate equation is - 1... oo 


AY, « = 26,764 = 2016 Tin T ¥ 26395 x 10 ‘1696 x 107 D? 


6.826 T, Coe os poman re Were. 4 = Wtacos Z (8a) 


For carbon dioxide it ‘is ener ie 


: se i ae 


A?’ =~ 94,182 + 0.20 ban t+ 98 210° 9 25 3 10" °F 


+ 06173 T. | a. (9a) 
‘To inn to what' extent the Pundaitiental ‘equilibria of the carbon systems 
are ig Pe by the final equations chosen, the curves calculated:from (1), 
(8), and (9) are shown in Figures 1 and.2. Yor comparison, similar curves calcu- 
lated from Lewis and Randall's values are also shown (as curve 2.in each case).. 
The free energy values obtained’ by the latter at 298° K are: 


H20 (1), - 56,560 : 60,.~'B2,510 ; 002 , = 94,260. 


The uncertainty in the final résults above is of course . very. , difficult ae 
to estimate closely. However, from. considerations such as the extent of agree-=: 
ment between different observers of equilibrium, the effect of inaccuracies in 
specific heat data, varying temperature scales, etce, it appears fair to estimate 
the uncertainty in the free energy of each of the substances as of the order of 
100 calories at 300°K. This corresponds.to an error of about 15 per cent at all 
temperatures in the equilibrium constant of a reaction ‘involving 1 mole of ary 
one of the substancese These uncertainties will probably not be léssened until 
(1) a simple low temperature determination of the free energy of water that in- 
volves. no quantities of unimown magnitude is available, ani (3) more precision — 
of temperature measurenient and control is introduced into high-temperature 
determinations of equilibrium @uch as the producer-gas studies.. Further, as 
long as the ‘cause of the discrepancy between the direct.and indirect detetimina~ 
tions of the water-gas constant is in doudt, the situation mst remain not 
completely satisfactory, Since there is then always a remote chance that much 
larger errors ‘than those estimated are présent. 
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SUMMARY 


The fundamental equilibrium data upon which the free energies of water, 
carbon monoxide, and carbon dioxide depend have been critically reviewed. From 
the data selected as most reliable, in conjunction with improved specific heat 
equations and the best available thermochemical data, the free energies of these 
substances have been calculated. The final results, as well as those in most 
of the subsidiary calculations, differ appreciably from those now generally 
accepted. An attempt has been made to estimate the order of the errors in the 
present calculations. 


In two of the equilibria concerned, elements of annette are found 
that appear worthy of further study. Thus it is suggested that the exact nature 
of the system in the mercuric oxide dissociation may not be as simple as it has 
been assumed to be; in the water~gas equilibrium the direct and indirect studies 
lead to very different results, for which no certain explanation is apparent, 
although a possible one is suggested. The indirect studies appear more reliable 
than the direct and have been used here. 


